Assemblies of proteins with nanoparticles also provide building blocks for the creation of hybrid bionanomaterials. 5 The wide range of sizes and charges of protein molecules provide access to a broad range of biomaterials with controlled interparticle spacing, 6 magnetic properties 7 and overall structure of the nanocomposites. Each of these applications rely extensively on the fundamental aspects of protein-nanoparticle interactions. Monolayer-functionalized nanoparticles provide a tunable surface for binding with target molecules, enabling controlled nanoparticle-protein interactions. A fundamental understanding of the thermodynamic parameters of these protein-nanoparticle interactions provides an important foundation for the application of these systems in biological and material applications.
Isothermal titration calorimetry (ITC) provides a powerful tool for investigating the thermodynamics and stoichiometry of supramolecular processes. 8 ITC analysis can be used in nanoparticleprotein assemblies to determine: (i) binding stoichiometry, (ii) stability of the conjugates, and (iii) solubility or aggregation of the conjugates etc. Likewise, ITC analysis of proteinnanoparticle complexation can determine the nature of binding (entropic vs. enthalpic), and the effect of surface functionality and environmental conditions on binding ratios and affinities. 9 In this communication, we report the thermodynamic characterization on the interaction of proteins of three different sizes with nanoparticles using ITC to probe the effect of relative particleprotein size in complexation (Fig. 1c) . In these studies, we observe that when the particle is larger than the protein, multiple proteins bind to each particle. When the sizes are commensurate, extended aggregates are formed, and when the protein is larger than the particle multiple particles bind per protein.
For our studies we used 2 nm core gold nanoparticles (B8 nm overall diameter) with variable cationic functionality (hydrophobic, hydrophilic and aromatic, Fig. 1a ). The selected proteins are anionic in nature to allow sufficient electrostatic interaction. For the protein, we choose three anionic proteins of distinctly different size (Fig. 1b) . Green fluorescence protein (GFP) is the smallest beta barrel shaped protein among these: 3.0 nm Â 4.0 nm (MW = 27 kDa, pI = 5.92). 10 Bovine serum albumin (BSA) is a triangular prismatic protein with comparable size to the nanoparticle: 8.4 nm Â 8.4 nm Â 8.4 nm Â 3.1 nm (MW = 66.3 kDa, pI = 4.8). 11 The third protein is acid phosphatase (PhosA), which is orthorhombic shaped and larger than the receptors: 12.6 nm Â 20.7 nm Â 7.3 nm (MW = 110 kDa, pI = 5.2).
12 Fig. 1 (a) Chemical structure of the cationic gold nanoparticles (NP1-NP5). (b) Surface structural features and relative size of three negatively charged proteins used in the ITC study. Color scheme for the proteins: basic residues (blue), acidic residues (red), polar residues (green) and non-polar residues (gray). (c) Schematic depiction of particle-protein assemblies observed in this study.
Department of Chemistry, University of Massachusetts at Amherst, Amherst, MA 01003, USA. E-mail: rotello@chem.umass.edu w Dedicated to Julius Rebek, a true pioneer in the field of supramolecular chemistry, on the occasion of his 65th birthday. The ITC experiments were carried out at 30 1C by titrating protein solutions into the nanoparticle solution. Depending on the protein structure we observed three different types of heat change profile from the titration curves (Fig. 2) . The complexation of GFP 13 and BSA with all nanoparticles is endothermic in nature, while the complexation of PhosA with nanoparticles is exothermic. We fitted these enthalpies to determine the stoichiometries and affinities of the particleprotein dyads. The complexation of nanoparticles with GFP and PhosA can be fitted using a single set of identical nanoparticle binding sites. In contrast, the BSA with comparable size to the nanoparticles can only be assessed using a binding mode of two sets of binding sites. We also observed the precipitation at the end of titration, in contrast to the other two proteins. Using the isothermal curve fitting analysis various thermodynamic parameters such as binding constants (K S ), enthalpy changes (DH) and binding stoichiometries (n) were determined. The Gibbs free energy changes (DG) and entropy changes (DS) were calculated by using the standard thermodynamic equations: DG = ÀRTlnK S and DG = DH À TDS. These quantities for the corresponding nanoparticle-protein interactions are summarized in Table 1 .
An important observation from Table 1 is the binding ratios and binding mode between protein and nanoparticles which are drastically different depending on protein size. In the case of GFP the GFP-nanoparticle binding ratio is B4 : 1. In contrast, for the larger protein PhosA the proteinnanoparticle binding ratio is B1 : 2.5, indicating more nanoparticles are involved with single nanoparticle binding. In the case of BSA where size is commensurate there are two binding modes. In the first binding mode, the binding is similar to GFP, where each nanoparticle is surrounded by two BSA molecules. The second binding event involves nanoparticleprotein aggregation and precipitation. As we observed the aggregation at the end of the titration, the parameters obtained for the second binding event should be considered as apparent binding parameters. The apparent binding parameter is the combination of heat change during proteinnanoparticle assembly followed by aggregation. This extended aggregation and precipitation is supported by the large positive entropy change (TDS = 667-1180 kJ mol À1 ) due to the release of numerous bound water molecules. This aggregation was further established by a dynamic light scattering (DLS) study (see ESIz), where aggregates of B150 nm were formed initially between NP1 and BSA, with larger aggregates and concomitant precipitation observed over time. We did not observe any precipitation over long periods of time (24 h) at low ratios of BSA to nanoparticle. Hence, by keeping the ratio of BSA to nanoparticle o2 : 1, discrete complex formation is induced. However, increasing the ratio of BSA causes formation of a more extended assembly with concomitant precipitation. As we can see in Fig. 2b two discrete binding events are observed. While size is clearly an important determinant in the assembly process, it should be noted that other parameters such as charge distribution can also influence assembly. The thermodynamic quantities listed in Table 1 indicate that the nanoparticle-protein interaction can be controlled by surface modification of artificial receptors. Further examination of the change of enthalpy and entropy values indicates that the complexation of GFP and BSA involves an unfavorable enthalpy change (DH 4 0) that is compensated by a favorable entropy gain (DS 4 0), resulting in an overall negative free energy change (DG). On the other hand, the interaction with the larger protein, PhosA, is an exothermic process with highly negative change in enthalpy (DH o 0), although this favorable gain is partially offset by unfavorable entropy loss (DS o 0). These enthalpy or entropy controlled processes can be easily explained if we consider the overall complexation process as described in eqn (3), which is the combination of two simultaneous processes (eqn (1) and (2)).
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H 2 Op, H 2 On, H 2 Op-n-water molecule associated with protein, nanoparticle and protein-nanoparticle complex, respectively. The first process is a non-covalent complex formation, where DH and DS are both negative, i.e. an exothermic process. In contrast, the solvent reorganization process involves the disruption of well-defined solvent shells to generate an endothermic process (DH 4 0 and DS 4 0). Depending on the contribution of these two processes, the final complexation (eqn (3)) will be either exothermic (1st process predominant) or endothermic (2nd process predominant). In complexation of the smaller proteins, GFP and BSA, a higher degree of surface interaction is occurring that results from the release of a large amount of the water of hydration from the binding interface. This process is evident from the large positive entropy changes. On the other hand, protein-nanoparticle non-covalent interactions play the main role for the PhosA, as indicated by the observed negative enthalpy changes.
We also observed from Table 1 that enthalpy and entropy changes are always balanced to get a favorable free energy change (DG o 0). This indicates that enthalpy-entropy compensation is operative, consistent with many host-guest processes.
14 The physical significance of enthalpy-entropy compensation is determined from the linear correlation using the relation TDS = aDH + TDS 0 , where a is the slope and TDS 0 is the intercept. The slope and intercept of the compensation plots have been related to the conformational change and desolvation during complexation, respectively. 15 As shown in Fig. 3 , an excellent linear relationship is obtained for these thermodynamic quantities with a correlation coefficient of 0.999. Near-unit slopes (a = 1.00) suggest that significant conformational changes occur at the interaction interface, which is similar to that found in other flexible systems such as protein-protein interactions (a = 1.00 for protein-NP and 0.94 for protein-protein).
9a For the nanoparticle systems, the reorganization of flexible surface ligands provides a target-responsive system to afford optimal binding affinity. 16 In summary, we have demonstrated that the stoichiometry and thermodynamic properties for complexation between protein and nanoparticles depend on, among other considerations, the relative size and surface functionality of the proteins. In these studies, we observed that with a protein smaller than the particle, one particle complexed multiple proteins, whereas when the protein was larger than the particle multiple particles complexed each protein. On the other hand extended selfassembly was observed for similar sized particle and protein. 
